For this study, hydrogen getter materials (Zircaloy-4 and pure zirconium) that have a high affinity for hydrogen (and low overpressure) have been investigated to determine the hydrogen equilibrium pressure on Zircaloy-4 and pure zirconium. These materials, as with most getter materials, offered significant challenges to overcome given the low hydrogen equilibrium pressure for the temperature range of interest. Hydrogen-zirconium data exists for pure zirconium at 500°C and the corresponding hydrogen overpressure is roughly 0.01 torr. This manuscript presents the results of the equilibrium pressures for the absorption and desorption of hydrogen on zirconium materials at temperatures ranging from 400°C to 600°C. The equilibrium pressures in this temperature region range from 150 mtorr at 600°C to less than 0.1 mtorr at 400°C. It has been shown that the Zircaloy-4 and zirconium samples are extremely prone to surface oxidation prior to and during heating. This oxidation precludes the hydrogen uptake, and therefore samples must be heated under a minimum vacuum of 5 × 10 -6 torr. In addition, the Zircaloy-4 samples should be heated at a sufficiently low rate to maintain the system pressure below 0.5 mtorr since an increase in pressure above 0.5 mtorr could possibly hinder the H 2 absorption kinetics due to surface contamination. The results of this study and the details of the testing protocol will be discussed.
INTRODUCTION
The capture, storage, and release of hydrogen and hydrogen isotopes are important features for safe implementation of the hydrogen economy. Sample preparation methods, testing methods, and data on the behavior of hydrogen getter materials (metals and intermetallic compounds) are of particular interest for additional research and development. Zirconium and its alloys are important materials for technological applications in the field of energy production, in particular as hydrogen storage materials 1 , as well as in the nuclear industry as hydrogen getter materials 2 . Given that the equilibrium pressure of zirconium is < 0.1 mtorr at 400°C, zirconium and its alloys are well suited for getter materials instead of reversible hydrogen storage materials. Zirconium can be loaded to a Q/M (where Q is the moles of H, D, or T and M is the moles of metal atoms) to 2.0, which corresponds to a weight percent of roughly 2.2%. The reaction of hydrogen with Zr at its surface, e.g. chemisorption or transport of hydrogen atoms from the surface to the bulk determines the H 2 absorption, which is of importance in H 2 storage applications. The zirconium-hydrogen system has been extensively studied by a variety of techniques over the years [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . However, very little information is currently available regarding the equilibrium pressures of the H 2 isotopes adsorbed on zirconium or its alloys at low temperatures (i.e. 300°C -500°C).
Hydrogen gettering materials (Zircaloy-4 and pure zirconium) with exceptionally high affinity for hydrogen (and low overpressure) have recently been investigated to determine the hydrogen equilibrium pressure on Zircaloy-4 and pure zirconium. The primary objective of this work was to determine the equilibrium pressure-composition-temperature data for the absorption and desorption of protium and deuterium on Zircaloy-4 and pure zirconium. Protium-zirconium hydride data exist for temperatures in excess of 500°C, and at a temperature of 500°C correspond to a pressure of roughly 10 mtorr 11 . The equilibrium pressure for the absorption and desorption of protium on Zircaloy-4 at temperatures ranging from 400°C to 600°C have been determined. The absorption equilibrium pressures in this temperature region range from 150 mtorr at 600°C to less than 0.1 mtorr at 400°C. As a result of this study, it has been determined that the Zircaloy-4 and zirconium samples are extremely prone to surface oxidation, which inhibits the hydrogen uptake, and therefore must be heated under a minimum vacuum of 5 × 10 -6 torr. In addition, the Zircaloy-4 samples should be heated at a rate of 5°C per minute in order to maintain the system pressure below 0.5 mtorr. An increase in pressure above 0.5 mtorr will hinder the H 2 absorption kinetics due to surface contamination.
EXPERIMENTAL
Two different gas handling manifolds were used to complete the experiments reported here, Manifold I and Manifold II. The two manifolds are shown in Figure 1 and Figure 2 , respectively. Both manifolds consist of a series of valves, stainless steel tubing, calibrated volumes, and pressure transducers. Both gas handling manifolds are evacuated and maintained at the high vacuum range (1 × 10 -7 torr). Manifold I is equipped with an Alcatel Drytel 31 vacuum pump and Manifold II is equipped with a Pfeiffer turbomolecular pump back by a Varian tri-scroll vacuum pump. Manifold I is equipped with a 0 -1 Torr MKS Baratron and a 0 -10K Torr MKS Baratron, which were both calibrated along with the associated displays. Manifold II is equipped with a 0 -100 mtorr MKS Baratron for low pressure measurements. The internal volume of both manifolds was approximately 130 mL, excluding the volume of the sample vessels, which was roughly 15mL. Manifold I was primarily constructed of gasketed fittings, whereas Manifold II was constructed primarily of specially cleaned, welded fittings with gaskets only at the valves and sample ports. The minimization of gasketed fittings would ideally result in a system that was able to achieve a lower ultimate pressure. The initial results were obtained on Manifold I with a 0-1 Torr MKS Baratron, which was only accurate down to 0.1 mtorr. Manifold II was subsequently designed to include a 100 mtorr Baratron, which would be accurate down to 0.01 mtorr. The sample vessels were constructed of Type 316 stainless steel (SS) 0.5" x 0.049" tube with a Type 316 SS endcap welded to the tube and a ½" Type 316 L VCR fitting welded to the other end of the vessel. After construction, the sample vessels were thoroughly degassed in a large vacuum furnace. The vessels were loaded into the furnace and then evacuated (<1 × 10 -5 torr at room temperature). The furnace was heated at 15°C/minute to 1050°C and held for four hours while continually being pumped. The furnace was then cooled under vacuum, and the sample vessels removed, capped, and placed in a bag that was purged with N 2 until they were ready for use. This procedure removed (or minimized) any potential impurities present in the stainless steel sample vessel that would desorb when the vessel was initially heated for testing. Due to the low hydrogen equilibrium pressure of zirconium at the target temperatures 11 , it was expected that any impurities would adversely affect the overall performance of the zirconium getter. In addition, any off-gassing from the sample vessels would adversely influence the background pressure in the test manifold.
The sample vessels could be reused for new samples if the necessary measures were taken to clean the vessels of adsorbed hydrogen. The empty vessel was heated to 600°C for at least 12 hours under high vacuum conditions to desorb any hydrogen that may have diffused into the stainless steel. The heater assembly consisted of a temperature controller, an over temperature controller, and a split cylindrical Watlow ceramic heater. The two halves of the heater were placed around the sample vessel. The sample vessel was placed completely inside the heater assembly in order to heat the entire vessel. The sample vessel was cooled under vacuum then backfilled with 1 atm of argon prior to opening the sample vessel to load a sample.
Samples consisted of one inch long Zircaloy-4 tubes and pure zirconium strips that had been weighed to achieve nominal 1 gram samples. The samples were mechanically abraded with P1200 grit grinding paper on all surfaces to remove any surface oxide that may have been present since preliminary testing had demonstrated that a surface oxide layer would inhibit the hydriding ability of the Zircaloy-4. The H 2 absorption was considerably slower on samples that were not cleaned, either 1000 Torr Baracell Heater Assembly Sample Cell 10 Torr MKS Baratron 100 mTorr MKS Baratron mechanically or chemically, due to the presence of the oxide film. The samples were rinsed in acetone and in 200 proof ethanol, wiped with lint free wipes and cotton swabs and allowed to air dry before being weighed on an analytical balance. The offgassed, nitrogen or argon filled sample vessel was opened and the new sample loaded such that the sample vessel was open to the atmosphere for a minimum amount of time, typically less than 20 seconds.
The sample vessel was attached to the manifold with a 0.5 micron filter gasket and the system was evacuated overnight. Prior to heating the sample, the system with an internal volume of ~150 mL passed a rate of rise of less than 0.05 mtorr in 10 minutes. The bottom two inches of the sample vessel were heated incrementally (in 100°C steps) to the desired temperature (typically 550°C) while being evacuated. Following each increase in temperature of the sample vessel, the system was evacuated until P < 0.10 mtorr. The maximum temperature (550°C) was held for several hours (3-4 hours) such that the rate of rise was less than 0.05 mtorr in 10 minutes. The middle of the sample vessel was roughly 180°C and the top of the sample vessel was roughly 80°C when the sample was at 600°C.
High purity hydrogen (Air Liquide, Research grade, 99.9995 %) and high purity deuterium (Spectra gases, Research Grade, 99.999 %) were used. Two different methods of testing were utilized to measure the equilibrium pressure of the H 2 on the zirconium and Zircaloy-4. In the first method, Method A, the samples were evacuated overnight, tested for rate of rise at room temperature, step heated to the loading temperature (550°C), tested for rate of rise, evacuated, loaded with protium or deuterium to the target Q/Zr (hydrogen atom/zirconium atom), then absorption tested by cooling in roughly 30°C increments to temperatures as low as 300°C. For Method B, the samples were evacuated overnight, tested for rate of rise at room temperature, step heated to the desired loading temperature, rate of rise tested, loaded with H 2 to the desired Q/Zr, then cooled to room temperature, and the over pressure evacuated. Desorption tested proceeded by heating the sample to 300°C initially followed by roughly 50°C increments to 550°C. The sample was allowed to reach equilibrium and data was taken at each step. Absorption testing followed after the sample temperature reached 550°C by cooling in 30°C increments to as low as 300°C; data was collected in the same manner. The Method B technique was developed because of concerns of He ingrowth associated with proposed subsequent tritum testing and its effect on measured pressures. 12 RESULTS AND DISCUSSION Manifold I: Zircaloy-4
Zr-4 alloy samples were loaded with either protium or deuterium to Q/Zr of 0.5 on nominally 1 gram pieces. Method A testing for absorption was used to collect the equilibrium pressure data. The results of the testing are listed in Table I and displayed graphically in Figure 3 . Note that the data is not linear below about 450°C. The loss of linearity is attributed to a combination of off-gassing, inleakage, and gas impurities. One can see from these data that the lower temperature data are clearly not on the same slope as the higher temperature data. There is also some off-set between the literature data 11 and the experimental data, since no repeat data were generated; it is unknown where this difference arises. There is also a pressure difference between the protium and deuterium, with deuterium having a higher measured presure. The original plot of the referenced literature data is shown in Figure 4 , while the interpolated and extrapolated data is listed in Table II . 
Pressure (mtorr) Equilibrium Pressures on Zr for Protium
Manifold II: Zircaloy-4 Manifold II was used to determine the equilibrium pressures of H 2 absorbed on Zircaloy-4 with both Method A and Method B. The data are presented in Table III and Table IV , respectively, and graphically in Figure 5 . It is apparent from the data that values above about 400°C yield linear data with increasing temperature. This result is consistent with the results obtained from the testing completed on Manifold I, which showed similar behavior and a significant deviation from linearity at the lower temperatures, which can be attributed to inleakage and offgassing. From these results, it can be determined that Manifold II yields linear data down to ~375°C, which is ~75°C lower than where the data from Method A deviates from linearity. The equilibrium pressures measured using Method B are also lower than the equilibrium pressures measured using Method A. At 550°C, the measured equilibrium pressure using Method B was roughly 19% lower than similar data using Method A and at 425°C the data measured using Method B was 28% lower than the corresponding data point using Method A. It is also interesting to note that there is very little hysteresis between the desorption and absorption data when Method B is used. The absence of hysteresis between the absorption and desorption of hydrogen can possibly be a characteristic of a low pressure hydride material. There is very little literature evidence on the isothermal absorption and desorption on getter type hydride materials and no evidence to support or refute the claim regarding the absence hysteresis. It is also possible that there could be some hysteresis between the hydrogen absorption and desorption data and that it is within the noise of the pressure measurements and is therefore not detectable. Manifold II: Pure Zirconium Pure zirconium strip samples were loaded to a protium to zirconium ratio of 0.5. The equilibrium pressures were determined using Method B. The measured equilibrium pressures are presented in Figure 6 and Table V. These data indicate very little hysteresis between the absorption and desorption data. The data are also slightly lower than the literature values. 
SUMMARY OF ALL RESULTS
All of the data that has been collected on Zircaloy-4 and zirconium using Manifold I and II (Methods A and B) is graphically displayed in Figure 7 . In all cases the equilibrium pressures measured on Zircaloy-4 and pure zirconium are lower than the previous measurements reported by Meuller. 11 At least two possibilities exist, one is that the alloying effects on the Zircaloy-4 could suppress the pressures and the second is that the new data represents an improvement in the test technique with better manifold materials and instrumentation. The data collected on Manifold II is much closer to the literature values reported by Mueller 11 than the data collected on Manifold I. The lower equilibrium pressure measured on Manifold I can possibly be attributed to less offgassing and potential contamination from the manifold. Manifold I has been in service for a significantly longer period of time than Manifold II and has been evacuated for much of that time. The continual evacuation of Manifold I likely has resulted in a reduction in the level of off-gassing and impurities coming from the walls of the manifold. Manifold II was constructed of cleaned stainless steel for this work and was also vacuum degassed in a furnace prior to assembly. Even though these precautions were taken, it is still possible that the various components of Manifold II are the source of small amount of off-gassing and contamination, resulting in a slightly higher equilibrium pressure.
The zirconium surface is very prone to surface oxidation regardless of the type of oxidant (oxygen, water, water vapor, CO, etc.) 13 . Due to the diffusivity of oxygen in zirconium 14, 15 and due to the chemical affinity of Zr for oxygen, the formation of the oxide occurs immediately upon contact even at the lowest pressures of the oxidant. Given this information it is imperative to evacuate the zirconium and Zircaloy-4 samples as soon as possible following the mechanical abrading. The pressure in the sample cell should be as low as possible prior to heating the sample to the activation temperature. Ideally a pressure <5×10 -6 torr is necessary before heating the sample to the activation temperature. Additionally, it has been determined that a step-wise heating of the sample may be necessary (depending on the pumping speed of the system) to maintain the pressure in the system below 0.5 mtorr. 
SUMMARY AND CONCLUSIONS
A manifold was designed, built, proof-tested, and utilized to obtain equilibrium pressure data over Zircaloy-4 and pure zirconium. These getter materials offered significant challenges to overcome given the low hydrogen equilibrium pressure in the temperature range of 400°C to 600°C. Previously zirconium hydride data was available down to only 500°C and results are reported here for temperatures down to 400°C. The H 2 equilibrium pressure on Zircaloy-4 was measured to be 0.1 mtorr at 400°C. In order to obtain equilibrium pressures for hydrogen on zirconium it was necessary to minimize the surface oxidation by evacuating the sample to <5×10 -6 torr prior to heating the sample. In addition it was also necessary to minimize the pressure increase in the system during the heating of the sample. This can be accomplished by heating the sample incrementally and allowing the pressure to return to the base level before increasing the temperature.
